Abstract-Shear-wave elasticity imaging (SWEI) enables the quantitative assessment of the mechanical properties of tissue. In SWEI, the effective generation of acoustic radiation force is of paramount importance. Consequently, several research groups have investigated various transmit beamforming and pulse-sequencing methods. To further improve the efficiency of the shear-wave generation, and therefore, to increase the quality of SWEI, we introduce a technique referred to as "multiangle compound SWEI" (MAC-SWEI), which uses simultaneous multiangular push beams created by dual-phase transmit focusing. By applying a constant phase offset on every other element of an array transducer, dual-phase transmit focusing creates both main and grating lobes (i.e., multiangular push beams for pushing) to simultaneously generate shear waves with several wavefront angles. The shear waves propagating at different angles are separated by multidirectional filtering in the frequency domain, leading to the reconstruction of multiple spatially co-registered shear-wave velocity maps. To form a single-elasticity image, these maps are combined, while regions associated with known artifacts created by the push beams are omitted. Overall, we developed and tested the MAC-SWEI method using Field II quantitative simulations and the experiments performed using a programmable ultrasound imaging system. Our results suggest that MAC-SWEI with dual-phase transmit focusing may improve the quality of elasticity maps.
I. INTRODUCTION

D
URING the past two decades, because of the ability of noninvasive, quantitative, and real-time assessment of tissue stiffness, which closely relates to many pathological conditions including liver fibrosis and breast cancer, shearwave elasticity imaging (SWEI) has drawn considerable attention in the field of medical ultrasound [1] - [4] . SWEI is based on the relationship between shear modulus G of tissue and shear-wave velocity (SWV) c s : G = ρc 2 s in isotropic, linear, and elastic media, where ρ is the density of soft tissue, typically assumed to be 1000 kg/m 3 [2] . Thus, in SWEI, because SWV is estimated from ultrasound imaging of the propagation of shear waves, the adequate generation of shear waves is essential [5] - [7] . Since acoustic radiation force was introduced to remotely generate a motion within tissue [1] , both acoustic radiation force impulse [5] , [8] and SWEI-based methods [9] , [10] have gradually progressed in their development, using the advantages associated with high-frame-rate ultrasound imaging. Several research groups have investigated various SWEI-based methods, many of which are related to transmit beamforming and pulse-sequencing methods for the sophisticated application of push pulses. Bercoff et al. [9] introduced supersonic shear imaging (SSI), creating cone-shaped shear waves by consecutive excitations of push beams at multiple depths. With ultrafast ultrasound imaging (over a several kilohertz frame rate), SSI visualizes the propagation of shear waves and reconstructs a 2-D quantitative map of tissue stiffness. McAleavey et al. [11] developed the spatially modulated ultrasound radiation force, which induces acoustic radiation force of a known spatial frequency to estimate an unknown shear modulus. To explore the visco-elastic properties of tissue, Chen et al. [12] introduced shear-wave dispersion vibrometry, using multifrequency harmonic vibration, and Deffieux et al. [13] developed shear-wave spectroscopy, by measuring frequency-dependent properties of shear waves using SSI. More recently, to increase the frame rate of SWEI and improve the image quality, Song et al. [14] introduced comb-push ultrasound shear elastography (CUSE), which uses multiple unfocused push beams simultaneously. To produce stronger shear waves, various transmit beamforming methods referred to as "focused, marching, and axicon CUSE" were developed [15] , [16] .
One of the remaining challenges in ultrasound SWEI-based methods is to reduce the number of push-beam excitations without sacrificing the image quality. For example, to reconstruct an SWV map of an entire field of view (FOV), push beams should be applied multiple times at different locations because the propagation of shear waves in the push regions is not observable [17] . Furthermore, the push beams applied on the stiff inclusion or target can also cause overestimation of SWV [7] . Unfortunately, this multiple push-beam-based approach reduces the frame rate of SWV images and may lead to motion artifacts resulting from physiological motion such as carotid artery pulsation, respiration, and cardiac activity [18] .
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Moreover, the frequent generation of long push beams may raise safety concerns for patients, shorten the ultrasound transducer life time, and require a longer cooling time of the transducer [19] , [20] . Hence, fewer push events are desirable. In this paper, we address these tradeoffs by introducing simultaneous multiangular push beams. Specifically, in a single pushing and tracking event, by creating the shear waves of various wavefront angles, which can be separated by multidirectional filtering [21] - [24] , we simultaneously obtain multiple SWV maps corresponding to shear waves with different orientations and propagating in different directions. Thus, similar to CUSE methods [14] - [16] , our method applies multiple push beams simultaneously and creates multiple SWV maps through multidirectional filtering. However, we use multiangular push beams instead of parallel push beams, to allow us to omit undesired regions on which the push beams are applied, before combining SWV maps. Furthermore, because of the angular compounding effect, we achieve the improved quality of SWV maps and reconstructed elasticity images.
To effectively create simultaneous multiangular push beams, we introduce a new transmit beamforming technique called "dual-phase transmit focusing," which alternates the phase of ultrasound waves between every other element of an array transducer. Dual-phase transmit focusing generates both main and grating lobes as effective angular pushing beams. An overall imaging method that both uses simultaneous multiangular push beams created by dual-phase transmit focusing, and combines multiple SWV maps after eliminating undesirable SWV in the pushing regions, is referred to as "multiangle compound SWEI" (MAC-SWEI). The developed MAC-SWEI approach, not only improves the quality of elasticity images because of angular compounding, but also suppresses overestimated SWV in the pushing regions, because MAC-SWEI allows for the masking of these regions before combining SWV maps.
II. MATERIALS AND METHODS
A. Dual-Phase Transmit Focusing for Multiangular Pushing
Grating lobes, caused by the discrete nature of array transducers, obstruct the identification of the exact positions of targets and have widely been regarded as unwanted artifacts in ultrasound imaging [25] . If the spatial sampling of the array is insufficient, grating lobes periodically appear in the imaging plane. The angles of grating lobes θ m can be written as
where λ is the wavelength of an ultrasound wave, d is the element pitch (or spacing) of the transducer, and m represents the periodicity of the grating lobes [26] , [27] . For example, if λ is 385 μm (i.e., if the sound speed of 1540 m/s and the wave frequency of 4 MHz are assumed), and d is 300 μm (i.e., typical spacing in clinical linear array transducers), the grating lobes are outside of the FOV. Hence, the ultrasound array transducer, operating within the typical frequency range, is designed to avoid the grating lobes. However, if we double the element spacing similar to the sparse-array techniques [27] , then d becomes 600 μm, and the first incident angle of the grating lobes becomes about ±40°according to (1), which indicates that the sparse-array approach can create grating lobes within the FOV for mechanically perturbing tissue. However, the sparse-array approach suffers from significant loss in acoustic energy because it uses only half the number of elements for firing. More importantly, the relative magnitudes between grating lobes and a main lobe are not adjustable.
To generate multiangular push beams adequately and simultaneously, we introduce an effective way of creating both grating lobes and a main lobe, referred to as "dual-phase transmit focusing." Unlike conventional focusing, which assigns the same phase on time-delayed transmit pulses for coherent focusing, dual-phase transmit focusing repeatedly applies phase-shifted (by φ 0 and φ 1 ) push pulses on every other element of the transducer, as depicted in Fig. 1 . In other words, in dual-phase transmit focusing, transmitted pulses focus at the same focal point as in conventional focusing; however, the pulses have two different alternating phases on every other element (i.e., the phase is the same on every other element and there is a constant phase difference between two adjacent elements). As a result of this repetitive phase difference between two adjacent elements, dual-phase transmit focusing produces the grating lobes at the same angles and positions as the sparse-array technique does. However, unlike the sparsearray technique, dual-phase transmit focusing can adjust the magnitude of grating lobes, because the grating lobes are a function of the dual-phase difference. Thus, dual-phase transmit focusing enables the adequate generation of both main and grating lobes with equivalent magnitudes. Note that the phase difference in dual-phase transmit focusing only determines the magnitudes of the grating and main lobes. The angles of grating lobes (θ m ) are determined by (1) and the focus of the grating lobes is determined by focus of the main lobe.
According to the phase difference, defined as φ = |φ 0 − φ 1 | and ranging from 0°to 180°, a variety of pushing configurations can be realized. For example, for φ = 0°, because of the same phase applied to the push pulses, this configuration produces only the main lobe, as in the conventional pushing strategy. By contrast, if φ = 180°, there is barely any amplitude of the main lobe at the focus because of the cancelation of two waves with opposite phases. Instead, we obtain two strong grating lobes. Overall, as φ increases from 0°to 180°, the magnitude of the main lobe decreases; however, the magnitudes of the two grating lobes increase, indicating that the magnitudes of the grating lobes and the main lobe can be adjusted based on the value of φ. To assess dual-phase transmit focusing, we simulated acoustic fields using a Field II program [28] , [29] . A transducer modeled for the simulation was the same as the linear array transducer used in experiments (L7-4, Philips Healthcare, Andover, MA, USA). All relevant simulation parameters are listed in Table I . To evaluate the pushing ability of dual-phase transmit focusing, we obtained 181 fields with varying φ from 0°to 180°with 1°increment.
B. Multiangle Compound Shear-Wave Elasticity Imaging
Through dual-phase transmit focusing, which effectively produces simultaneous multiangular push beams, we implemented MAC-SWEI. Like other SWEI-based methods, MAC-SWEI also consists of three steps, shown in Fig. 2 : 1) pushing the tissue to generate shear waves; 2) tracking the propagation of shear waves; and 3) reconstructing and compounding SWV maps. The main difference between MAC-SWEI and other SWEI-based techniques is that MAC-SWEI employs grating and main lobes created simultaneously by dual-phase transmit focusing as pushing sources, generating the shear waves with various wavefront angles. Multidirectional filtering was used to separate these angular shear waves, leading to the reconstruction of corresponding individual SWV maps. Since we know the exact location of push regions and the fact that the SWV values in push regions have the potential to be unreliable, our method excludes all SWV values in each push region before combining them. Thus, this approach can result in a reliable SWV map, spanning a full FOV in a single pushing and tracking event.
A programmable ultrasound research machine (Vantage-256, Verasonics Inc., Redmond, WA, USA), equipped with the L7-4 linear array transducer (see Table I ) was used in this paper. The ultrasound system was used to generate push pulses and to record postbeamformed IQ data. The acquired data were processed offline using MATLAB (The MathWorks Inc., Natick, MA, USA). To create the multiangular push beams (one main and two left/right grating lobes), we applied φ of 140°for dual-phase transmit focusing. Additionally, we used φ's of 0°and 180°to analyze how the choice of φ affects the generation of shear waves.
To realize the phase shift φ, we delayed the signals on every other element. The corresponding time delay τ φ was defined as
where f 0 is the center frequency of a push pulse. For example, for f 0 = 4 MHz and φ = 140°, the required time delay τ φ was about 97.2 ns. Due to a master clock of 250 MHz in the Verasonics system, τ φ applied in the system was 96 ns (i.e., the closest multiple of 4-ns time resolution), indicating that ideal φ's of 140°and 180°were implemented with 138.24°and 178.56°in the system. In experiments, the duration excitation pulse was 600 μs while in Field II simulation, we used a pulse duration of 10 μs to decrease the computational time. All other parameters were the same as listed in Table I . After applying the pulse, shear waves were recorded using ultrafast plane-wave imaging [30] . The three angles of the plane waves, whose center frequency was 4.3 MHz, were −4°, 0°, and 4°. Their pulse repetition frequency (PRF) was 10 kHz, and thus, the effective PRF was 3.33 kHz.
To visualize the propagation of shear waves, we estimated axial particle velocities from acquired IQ sequences using a 2-D autocorrelation approach [31] , [32] . The number of ensemble was three, and the length of the autocorrelation kernel was 2λ. Then, we applied multidirectional filtering [22] - [24] , originally introduced in magnetic resonance elastography [21] to multiangular shear waves to separate them in space and time. To design the multidirectional filter, we calculated the angles of two grating lobes, ±40°, from (1). Although our dual-phase configuration generated six shear waves from three push beams (i.e., one main and two left/right grating lobes), we eliminated two shear waves that were traveling toward the upper right and upper left corners of FOV because of their small propagation distances. Thus, MAC-SWEI utilized four shear waves: right-to-left from the left grating lobe (RL GL ), right-to-left from the main lobe (RL ML ), left-to-right from the right grating lobe (LR GL ), and left-to-right from the main lobe (LR ML ), depicted in Fig. 2 .
From the four shear-wave sequences (RL GL , RL ML , LR GL , and LR ML ), four corresponding SWV maps were reconstructed using 2-D cross correlation [22] , [33] . Here, the distance between the cross-correlating shear-wave signals in both lateral and axial directions was 2.1 mm. Thereafter, the reconstructed SWV maps were filtered using a 2-D median filter (1 mm × 1 mm). Before combining these four SWV maps, because we know the positions and the angles of all pushing sources, the regions excited by push beams were excluded. Thus, we defined the binary maps R(x, y, n) (indicated by black-dashed regions in Fig. 2) , which determined the SWV maps that will be combined. Here, x and y represent the lateral and axial positions and n denotes the order of the SWV maps used for compounding (n = 1, 2, 3, 4). R(x, y, n) = 1 or 0 represents an SWV value of the nth SWV map at x and y, which is included or excluded, respectively, in the combined SWV map. To produce a combined single SWV map, a weighted summation of four SWV maps was used
where SWV CMPND (x, y) is the compounded SWV map, and x and y represent the lateral and axial positions. SWV(x, y, n) contains four SWV maps acquired from their corresponding angular shear waves. Because the push regions can be eliminated, the combined MAC-SWEI SWV maps are bias reduced and reliable. Furthermore, by combining multiple SWV maps resulting from shear waves, oriented differently, and propagating in different directions, MAC-SWEI improves the quality of an SWV map similar to angular-spatial compounding used in the B-mode or strain elastography [34] .
In addition to MAC-SWEI with the shear waves with four wavefront angles, created by applying φ of 140°, we realized two more configurations with φ's of 0°and 180°f or comparison (Fig. 3) . First, φ of 0°generated only the main lobe, resulting in two SWV maps from RL ML and LR ML . By contrast, φ of 180°created only the two grating lobes resulting in two SWV maps from RL GL and LR GL . With φ = 140°, four SWV maps from all three lobes were generated. Thus, for φ = 0°, the two shear waves (RL GL and LR GL ) from the two grating lobes propagate the push regions of each other (i.e., RL GL travels to the region where LR GL is created, and vice versa), allowing for the reconstruction of SWV maps with an entire FOV.
C. Phantom Experiments and Assessment Metrics
To assess the performance of MAC-SWEI, we imaged a quality assurance elasticity phantom (Model 049, CIRS Inc., Norfolk, VA, USA) containing several spherical inclusions within a homogeneous background. The nominal SWV values of the stiffest inclusion and the background are 5.11 and 2.86 m/s (80 and 25 kPa in terms of Young's modulus), respectively. To verify and compare various available configurations of dual-phase transmit focusing, the stiffest inclusion and the homogeneous background were evaluated with three φ's-0°, 140°, and 180°-, which create one main lobe, three lobes, and two grating lobes, respectively. In addition, we placed the inclusion at two locations: the center of the image and +10 mm to the right from the center (i.e., the inclusion was positioned at the same depth, but it was displaced laterally). For quantitative evaluation, we calculated the mean and the standard deviation (STD) of the SWV values in a region-of-interest (ROI). For the homogeneous background, when φ = 0°, the means and the STDs were estimated only in the nonpushing regions, but when φ = 140°and 180°, all of the SWV regions were used. To evaluate the area of phantom with inclusion, two circular ROIs at the same depth covering the inclusion and the background region were used. We also assessed a blind area (BA) to explore the amount of unacceptable outliers in the SWV map [35] . Here, we classified an SWV value larger than (mean+3·STD) or less than (mean−3 ·STD) as an unacceptable SWV value and then computed the BA by the number of unreliable pixels in the SWV map, divided by the number of all pixels. Furthermore, we evaluated a contrast-to-noise ratio (CNR) [14] and % error defined as
where μ I and μ B , and σ I and σ B in (4) indicate the means and the STDs of the SWV values in the inclusion and background regions, respectively. For % error (5), c E and c N represent the estimated and nominal SWV values in the ROI, respectively.
D. Safety Measurements
To ensure the clinical applicability of the MAC-SWEI technique, we measured acoustic parameters, including the mechanical index (MI), the spatial peak temporal average intensity (I SPTA ), and the spatial peak pulse average intensity (I SPPA ). Currently, the Food and Drug Administration (FDA) limits the MI, the I SPTA , and the I SPPA to 1.9 720 mW/cm 2 , and 190 W/cm 2 , respectively. The MI, the I SPTA , and the I SPPA are defined as follows [36] :
where P r,derated is the derated peak rarefactional pressure at the focus of the main and grating lobes (MPa), and f C is the center frequency (4 MHz). PII derated is the derated pulse intensity integral (μJ/cm 2 ), PRF is the pulse repetition frequency (1 Hz), and PD is the pulse duration (600 μs). Here, P r and PII are defined as
where v(t) represents the measured voltage. The sensitivity of a hydrophone is denoted by M l ( f C ), where f C is the center frequency of a pulsed wave. The beginning and end times of the pulse are denoted by t 1 and t 2 , ρ is the density of water (1000 kg/m 3 ), and c is the speed of sound in water (1484 m/s). To reflect the attenuation of ultrasound in tissue, we derated the recorded waveforms with an attenuation coefficient of 0.3 dB/cm/MHz. We used a 0.2-mm needle hydrophone (Precision Acoustics Ltd., Dorchester, Dorset, UK) and a dc coupler (DCPS233, Precision Acoustics Ltd., Dorchester, Dorset, UK) to acquire acoustic pressures, recorded by an oscilloscope (PicoScope 3406D, Pico Technology Ltd., St Neots, Cambridgeshire, UK).
III. RESULTS AND DISCUSSION
A. Multiangular Acoustic Radiation Force Fields
Field II simulation results of normalized acoustic pressure fields created by dual-phase transmit focusing with four selected φ's (0°, 60°, 120°, and 180°) are shown in Fig. 4 . In total, 181 fields (from 0°to 180°) were simulated, and an average execution time for each field was 165.8 s on a desktop computer with Intel(R) Core(TM) i7-6700K at 4 GHz. For φ = 0°, dual-phase transmit focusing created only the main lobe [ Fig. 4(a) ]. However, for φ = 0°, the periodic incoherency in the transmit phases introduced the desirable grating lobes in the FOV. As φ increased from 0°to 180°, the magnitudes of the grating lobes increased, while that of the main lobe decreased. Finally, because φ of 180°canceled the main lobe at the focus, only the two and strongest grating lobes are observed [ Fig. 4(d) ].
Fig . 5 shows the maximum acoustic pressure of the main and grating lobes as a function of φ. Again, as φ increased, the magnitude of the main lobe decreased whereas those of the grating lobes increased. The intersection of the main and grating lobe curves (a red circle in Fig. 5) indicates that the value of phase difference ( φ is around 130°) could generate three push beams of equal magnitude. Therefore, the phase difference ( φ) determines the distribution of the acoustic energy between the main and grating lobes in dual-phase transmit focusing. These results suggest that the magnitude of the multiangular push beams can be carefully controlled.
B. Shear Waves Created With Dual-Phase Transmit Focusing
The generation and the propagation of shear waves, created by dual-phase transmit focusing with three φ's (0°, 140°, and 180°) in the homogeneous background region of the phantom as a function of time, are shown in Fig. 6 . Here, we applied three φ's to demonstrate that dual-phase transmit focusing generates shear waves as expected. Indeed, φ = 0°g enerated two shear waves from the main lobe, similar to conventional SWEI; φ = 140°created one main and two grating lobes that induced the shear waves of three distinct angles. As the shear waves induced by the grating lobes traveled a greater distance than those induced by the main lobe in the FOV, we applied 140°(instead of 130°, as indicated in Fig. 5 ) of φ, which resulted in the slightly stronger grating lobes compared with the main lobe. Finally, for φ = 180°, only two grating lobes were produced, and thus, propagation of two tilted shear waves was observed.
C. Homogeneous Region
From three sets of shear-wave sequences (Fig. 6 ) created by three pushing configurations ( φ's of 0°, 140°, and 180°), we reconstructed the final combined SWV maps, as shown in Fig. 7 . To obtain the SWV maps in Fig. 7 , we first applied multidirectional filtering that separates shear waves with several angles, leading to the reconstruction of corresponding SWV maps. Thereafter, these SWV maps were For the quantitative evaluation, we computed the mean, the STD, the % error, and the BA of the SWV maps in the homogeneous background regions (Table II) . Here, for φ = 0°, the mean and the STD were estimated only in the nonpushing regions [as indicated by dotted-black boxes in Fig. 7(b) ], but for φ = 140°and φ = 180°, all of the SWV regions were used. However, for computing the BA, the entire region of the SWV maps was used. The differences among the means, the STDs, and the % errors obtained from the three φ's were not noticeable. The BA indicates that φ of 140°yields the most reliable SWV map with the widest FOV coverage. For φ of 0°, accurate reconstruction of the SWV map within the pushing region was not possible due to artifacts, resulting in the largest BA among the three pushing schemes. Fig. 8 shows the reconstructed SWV maps of a region with a single hard spherical inclusion at two positions (0 and +10 mm) using three φ's (0°, 140°, and 180°). As a result, measurement at φ = 0°failed to reliably reconstruct the inclusion in the pushing region [ Fig. 8(b) ], but once the push beam was off the inclusion, the inclusion was appropriately reconstructed in the SWV map [ Fig. 8(f) ]. However, regardless of the inclusion location, both φ's of 140°and 180°consistently and reliably reconstructed the SWV maps. The dotted black circles (10-mm diameter) in Fig. 8 outline the position and the size of the inclusion. Overall, the shape and the size of the inclusion obtained, based on the SWV map values, show good agreement with the actual characteristics of the inclusion. However, the size of the inclusion in the SWV maps appears to be slightly smaller than the actual size of the inclusion. This is partially due to the kernel length of correlation used for estimating SWV values. Table III summarizes the quantitative assessment of the SWV maps presented in Fig. 8 using the mean, the STD, the percentage error, and the CNR. First, for the inclusion located at the center (0 mm), the measurement with φ of 0°suffered from overestimation of SWV within the inclusion region (% error is 24.39%) while φ's of 140°a nd 180°led to relatively stable reconstruction of SWV both within the inclusion region and the background. Furthermore, the CNR improvements of φ's of 140°and 180°over that of 0°were 61.21% and 142.65%, respectively. For the inclusion displaced +10 mm laterally, none of the methods suffered from an overestimation of SWV within the inclusion region. The % error results merely show slight underestimation of SWV in the inclusion, which may be due to a measurement error in the nominal value (±5%) or the spherical shape of the inclusion [37] . The CNR values of the three methods were similar, but φ of 140°yielded the highest CNR. Overall, at two positions of the inclusion, the measurements with φ of 140°, compared to the other measurements, showed the most consistent means and STDs. 
D. Single Hard Spherical Inclusion Within Background
E. Safety Measurements
The MI, the I SPTA , and the I SPPA , measured for three φ's (0°, 140°, and 180°) at the foci of the main and grating lobes (Table IV) , indicate that the measured safety parameters were below the FDA regulatory limits. It is important to note that although we induced the same voltage (80 V pp) and used the same number of active elements (i.e., the same f-number) to generate ultrasound waves for the three pushing configurations, the distribution, and the concentration of acoustic energy within FOV varied according to φ. As illustrated in Fig. 5 , the acoustic pressure of the grating and main lobes are a function of φ. For φ = 0°, all acoustic energy is concentrated mostly in a main lobe, thus the acoustic outputs are the highest but within the FDA guideline. By contrast, pulses with φ's of 140°and 180°divided the total acoustic energy into more than one push beam and, therefore, may further reduce the safety concerns, thus providing another benefit of dual-phase transmit focusing.
F. Two Potential Candidates for Creating Simultaneous Multiangular Push Beams
We can produce simultaneous multiangular push beams in two more ways. One approach is to arrange and excite differently steered beams using the subdivided apertures of an ultrasound transducer. This overall concept is similar to CUSE [14] , but the steering angles of the push beams differ, as shown in Fig. 9(a) . However, a typical linear array transducer (e.g., L7-4, Philips Healthcare, Andover, MA, USA) has an element spacing of about 300 μm, which is similar to a wavelength of 4-5 MHz ultrasound, unwanted grating lobes could appear in the FOV once the ultrasound beams are steered. These undesirable grating lobes cause the loss of acoustic energy and obscure the appropriate formation of acoustic radiation force fields. In addition, the subdivided, reduced size of subapertures broadens the width of each beam and degrades the pushing efficiency. Another way is to apply the sparse-array technique that drives ultrasound waves using every other element of an array, which deliberately brings two desirable grating lobes into the FOV for angular pushing, is illustrated in Fig. 9(b) . However, as only half of the elements are used, half of the acoustic energy is lost accordingly. Furthermore, not only are we unable to control the magnitudes of the grating lobes, but their magnitudes are also much weaker than that of the main lobe [27] . Therefore, this approach may be ineffective in the creation of multiangular push beams.
Field II simulated acoustic pressure maps, produced with these two methods (i.e., steering with subapertures and the sparse-array technique), are shown in Fig. 10 . For fair comparison, the same parameters, as listed in Table I , were used for push pulses (except their arrangements on the transducer). First, for the steering angles of ±10°, no grating lobes appeared [ Fig. 10(a) ]. However, as the steering angle increased from ±10°to ±40°, the grating lobes started to appear. As the steering angles became ±40°, which is desirable to separate the resultant multiangular shear waves, the magnitudes of the unwanted grating lobes became similar to those of their main lobes [ Fig. 10(c) ]. The sparse-array technique simultaneously created desirable grating lobes and a main lobe [ Fig. 10(d)] . However, the magnitude of the grating lobes, compared to the main lobe, was considerably weaker and intractable. Dualphase transmit focusing effectively overcame these limitations. According to the selected phase difference, dual-phase transmit focusing distributed the total acoustic energy to one main and two grating lobes, and unlike the sparse-array technique, the approach did not suffer from energy loss. In addition, the dual-phase transmit approach uses an entire aperture (not subdivided apertures) to create multiangular push beams, and thus, the width of the push beams, unlike those produced by subapertures, do not widen. Table V summarizes the results of the quantitative assessment of angular push beams based on Field II simulations. Here, we compared three methods (i.e., steering with subapertures, the sparse-array technique, and dual-phase transmit focusing) with push beams of the same angles (±40°). For dual-phase transmit focusing, we applied φ of 140°. First, steering with subapertures caused energy loss because of undesirable grating lobes, and the reduced size of subdivided apertures yielded the lowest peak pressure in both the main lobe and the angular beams. In addition, although the subaperture approach produced the longest depth of focus (DOF), the larger f-number of subdivided apertures broadened the lateral beamwidth, and thus, increased the full-width at half maximum (FWHM). The sparse-array technique yielded a narrower FWHM than those of the subdivided apertures, but the peak pressure of the angular beams, compared to that of the main lobe, became less than half. Overall, dual-phase transmit focusing maintained the lateral beamwidth while preserving peak pressures, which could be ideal in the simultaneous creation of multiangular push beams. Nevertheless, further studies on optimizing the angular push beams are necessary for the clinical translation of this technique, because our approach distributes the given acoustic energy into three lobes, which lowers the magnitude of shear-wave signals compared to single push-based SWEI approaches.
G. Computational Complexity
Computational complexity of MAC-SWEI, requiring multidirectional filtering and reconstruction of four SWV maps, could be one of the concerns for real-time imaging. However, many SWEI-based methods have already adopted (multi-) directional filtering to remove reflected shear waves from boundaries of inclusions or targets [22] - [24] . In addition, Fig. 10 .
Simulated multiangular acoustic pressure fields created by the subdivided aperture approach with steering angles of (a) −10°, 0°, +10°, (b) −25°, 0°, +25°, (c) −40°, 0°, +40°, and (d) sparse-array technique.
unlike single-push SWEI methods, MAC-SWEI completes the final reconstruction of an SWV map within a single pushingtracking event; if a PRF of a push pulse is 1 Hz, then the frame rate of SWV maps created by MAC-SWEI is also 1 Hz. However, in conventional SWEI methods, the frame rate could be 1/2 to 1/4 Hz (depending on the number of push-beam applications). Thus, although MAC-SWEI requires fourfold more computations to create a final SWV map, it provides a two-to four-fold faster frame rate. Therefore, for the given frame rate of the SWV images, both MAC-SWEI and single-push SWEI methods will have similar computational complexity in terms of the number of estimation of SWV maps. Furthermore, single-push SWEI methods could require longer overall computation times due to additional processes, including beamforming and image formation, for multiple data sets acquired.
IV. CONCLUSION
We introduced a new way of creating multiangular push beams, referred to as "dual-phase transmit focusing." By defining a phase offset that is applied to every other element, dual-phase transmit focusing efficiently and simultaneously creates one main and two grating lobes as pushing sources, which realizes MAC-SWEI. We found that the phase difference φ determines the energy distribution to these three lobes. We investigated three representative configurations with φ's of 0°, 140°, and 180°, and quantitatively assessed the performance of MAC-SWEI using an elasticity phantom with a single stiff inclusion. Our results suggest that MAC-SWEI can be used to visualize SWV maps reliably, and with improved image quality. Optimizing dual-phase transmit focusing, necessitates additional study related to the optimal selection of φ's, which may depend on size, shape, or location of a lesion. Thus, our future work will be focused on the optimization of dual-phase transmit focusing and the clinical translation of this technique.
